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ABSTRACT
Pardeshi, Irsha A. Ph.D., Purdue University, May 2018. Modeling and Simulation
of Multiphase Flow between Rotating and Stationary Disks. Major Professor: Tom
I-P. Shih.
The Clutch in an automotive vehicle transfers power from the engine to the wheels
with the speed and torque controlled by a gearbox. To accommodate diﬀerent speeds
and loads, diﬀerent gear ratios are needed, and the clutch disengages and engages
every time those ratios are changed. Since heat is generated when disengaged and
when suddenly engaging, lubricating oil is pumped throughout the clutch to cool
and to reduce friction. When the clutch is disengaged, drag torque is generated.
Drag torque is due to the viscous force from the relative motion between the friction
(rotating) disk and the separator (stationary) disk. This drag torque can account
for up to 10% of the engine’s speciﬁc fuel consumption. Thus, it is important to
understand how design and operating parameters aﬀect drag torque.
A number of investigators have studied drag torque by examining two parallel
disks with one or both rotating about a common axis and with lubricating oil forced
to ﬂow through the gap between the disks by using experimental, computational, and
analytical methods. Experimental studies have shown that when air starts to enter the
gap between the disks (referred to as aeration), drag torque is greatly reduced because
the viscosity of air is much less than the viscosity of oil. Computational studies have
been unable to reliably predict experimentally measured drag torque as a function of
the disk’s rotational speed and the onset of aeration, and the reasons why are unclear.
Analytical models developed to predict drag torque and aeration have required inputs
from experiments and have invoked assumptions that are questionable.
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In this research, a reduced-order model was developed that can predict aeration as
a function of the disk’s rotational speed, the gap between the disks, and the oil’s ﬂow
rate. This model was developed by recognizing and demonstrating that the extent
of aeration (i.e., how far radially inwards the air has penetrated), denote as Rcr , can
be expressed as a ratio of the oil’s mean radial velocity at Rcr and its mean radial
velocity at the inner radius of the clutch, Rin , and that ratio has three regimes. The
three regimes corresponds to the three states of aeration: (1) no aeration, (2) onset
of aeration until aeration reaches its maximum extent, and (3) maximum aeration is
sustained.
This research also showed why past CFD analyses were unable to predict aeration
reliably. It was found that both adhesion and cohesion in the surface tension must
be included when the Weber number << 1. To enable CFD analysis that can predict
aeration as a function of rotational speed of the rotating disk, a model was developed
such that as the rotational speed increases, adhesion increases over cohesion. Thus, as
the rotational speed increases, contact angle of the oil-air interface with the stationary
disk reduces.

1

1. INTRODUCTION
In an automotive vehicle, there are two types of transmissions to get diﬀerent driving
speeds - manual and automatic (Fig. 1.1). In a manual transmission, a clutch pedal
is used to engage and disengage the clutch so that appropriate gear ratios can be
selected to achieve a desired speed. Thus, the clutch, in a manual transmission,
connects the engine to the drive shaft. In an automatic transmission, the torque
converter does the engaging and disengaging of the engine from the drive shaft, and a
hydraulic control system selects which gears to engage via appropriate clutch packs.
Thus, in automatic transmission, only the activated clutch packs are engaged, and all
others are disengaged. Each clutch pack consists of rotating disks (friction disks) and

Fig. 1.1. Types of transmissions.

stationary disks (separators) placed alternatively about a common axis. Lubricating
oil is pumped through the gap between these disks to cool and reduce the friction
generated due to two reasons - ﬁrst, due to sudden surface contact between the disks
during the engagement process and second, due to shearing of ﬂuid between the disks
when disengaged.
When disengaged, drag torque is generated between a rotating disk and a stationary disk (henceforth referred to as clutch). Drag torque is the viscous force created
by the relative motion between the rotating (friction) disk and the stationary (separator) disk. This drag torque causes loss in eﬃciency and can account up to 10%

2
of the vehicle’s speciﬁc fuel consumption. Therefore, it is desirable to minimize the
drag torque in a clutch. Since drag torque depends on the clutch’s design and operating parameters, it is important to understand how these parameters aﬀect the drag
torque.

Fig. 1.2. Viscous shear stress generated in a clutch.

In Fig. 1.2, two possible ﬂow conditions that can take place between the disks are
described. In the ﬁrst condition, oil completely ﬁlls the gap between the disks. In
the second condition, there is both air and oil in the gap. The ﬁrst condition occurs
during lower rotational speeds when the oil’s pumping pressure is high enough to
overcome the rotation-induced pressure gradient in the radial direction. The second
condition occurs during higher rotational speeds when the rotation-induced pressure
gradient is higher than the oil pumping pressure so that air can enter in the gap from
the outer periphery of the disks. When air enters the gap, it is referred to as aeration.
Viscous shear stress generated in the gap between the disks is a function of viscosity of the ﬂuid in the gap and the velocity gradient developed in the gap due to
the relative speed between the disks. Figure 1.2 shows proﬁles of the radial and azimuthal velocities for oil and air along the axial direction between the disks. Since
the gradient of the radial velocity in the gap is much smaller than that of the az-

3
imuthal velocity, only the azimuthal component of the viscous shear stress is relevant
to the drag torque and eﬃciency of the transmission. Also, since the viscosity of oil
is much higher than that of air, viscous shear stresses are greatly reduced when there
is aeration.
Thus, one way to reduce drag torque is to ensure that aeration occurs (i.e., to have
air entering into the gap). Accordingly, it is important to understand how design and
operating parameters aﬀect the onset of aeration.

4

2. PREVIOUS WORK
Many investigators have reported studies on factors that aﬀect drag torque by performing experimental, computational, and analytical studies. All studied two parallel
disks with one or both rotating about a common axis and with lubricating oil forced
to ﬂow through the gap between the disks. These studies can be grouped into two
categories (see Fig. 2.1). In one category (A), the focus is on understanding the nature of the ﬂow in the gap and how design and operating parameters aﬀect aeration.
In the other category (B), the focus is on developing mathematical/analytical models
to predict drag torque and the onset of aeration.

Fig. 2.1. Previous Work.
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2.1

Understanding Nature of Flow in Gap
Yuan et al. [1] performed CFD simulations for a steady, two-phase laminar ﬂow in

a 90-deg sector of the clutch geometry with and without grooves using VOF method
in ANSYS R Fluent. They found the drag torque to be strongly aﬀected by the surface
tension of the lubricant and by adjusting surface tension and viscosity of the lubricant
enabled their CFD to match the experiments. Yuan et al. [2] performed CFD simulations using ANSYS R Fluent to study the eﬀects of rotation on aeration and found
that when both plates rotated in the same direction and/or opposite direction with
a large relative diﬀerence in the rotational speeds of the two plates, aeration started
next to the plate rotating at the lower speed; and when the two plates rotated in
opposite directions with a small relative diﬀerence in the rotational speeds of the two
plates, aeration occurred between the plates.
Takagi et al. [3, 4] experimentally studied the eﬀect of smooth and grooved geometry on aeration and showed that a “concentric or circumferential” groove on a
rotating plate retained oil in the groove, thus producing high drag torque. They also
performed CFD simulations using multi-ﬂuid model in OpenFOAM R and studied the
drag torque curve and the peak value of the drag torque as a function of the spacing
between the plates, ﬂow rates of the lubricant, and rotational speed of the plates.
They showed the drag torque to be lower with bigger gaps between the plates and
lower ﬂow rates of the lubricant. In their CFD simulations, they were able to capture
the peak of drag torque reasonably well but not its evolution.
Jammulamadaka et al. [5] recognized that compressible formulation of air and
viscous heating need to be considered to address the mismatch in CFD results obtained by ANSYS R Fluent VOF method and experiments. They studied the eﬀect
of diﬀerent mass ﬂow rates, gap between the clutch disks, groove geometry (width
and depth), size of the disks, oil temperature and rotational speed of the disks. They
showed that low mass ﬂow rate, more gap between the disks, more groove width and
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depth, small disks, high oil temperature and high rotational speed of disks allows
drag torque reduction.
Hu et al. [6] experimentally studied the drag torque in a clutch plate for a smooth
geometry and for the geometry with radial, inclined, and concentric grooves on a
rotating plate as a function of depth, width, and number of the grooves; friction
materials that result in diﬀerent contact angles for the oil; the gap between the
plates; and ﬂow rates of the oil. They showed that the more number of grooves,
inclined grooves and friction materials that produce large contact angles generated
the least drag torque.
Wu et al. [7] performed CFD simulations for a grooved geometry using k-epsilon
turbulence model and validated their ﬁndings with the experimental data from Takagi
et. al [3, 4]. From the CFD simulations they found increasing the number of grooves
reduced drag torque and grooves could reduce the axial force exerted by the oil on
the disk. Wang et al. [8] performed CFD simulations using ANSYS R MRF and VOF
formulation for both grooved and ﬂat geometries across a range of rotational speeds
and validated their CFD by conducting experiments. In their CFD study, they tested
their model capabilities by analyzing numerical settings and their eﬀect on predicting
drag torque. However, their CFD simulations were not able to capture the peak and
evolution of drag torque.
Mahmud et al. [9, 10] conducted CFD simulations using StarCCM+ R for two different grooved geometries - nozzle shape grooves and multi-parallel grooves and investigated the ﬂow physics. They found that grooves with nozzle shape generated less
drag torque. In their CFD model, they used extended domains at inﬂow and outﬂow
as the extended domains could aﬀect the drag torque prediction. They also found that
using diﬀerent frames of reference either created or eliminated “velocity ﬂuctuations”
along the grooves. They simulated and experimentally analyzed additional groove
patterns - multi-parallel - wide and narrow grooves, and radial grooves and found
that groove shape aﬀects the ﬂow physics in the gap and the drag torque. Through
their CFD simulations [11] they found that at very high rotational speeds the jump in
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torque is more signiﬁcant in case of grooved geometries. They also found that when
the gap between the disks is ﬁxed then the jump in torque at high rotational speeds
is not observed. For non-grooved geometry, their CFD simulations under predicted
the drag torque.
To summarize, investigators performed both experimental and computational
work to investigate the parameters aﬀecting drag torque. It was found that low mass
ﬂow rate, more gap between the disks, more groove width and depth, more number
of grooves, inclined grooves, small disks, high oil temperature, high rotational speed
of disks, and friction materials that produce large contact angles generate least drag
torque.

2.2

Mathematical/Analytical Models to Predict Drag Torque
Chang [12] provided an analytical solution for radial velocity of oil through the

gap between the clutch disks. Kato et al. [13] were the ﬁrst to develop a mathematical
model to predict the pressure distribution and drag torque for a turbulent ﬂow in the
gap between the clutch plates. They showed that the centrifugal force played a major
role in the oil level in the gap.
Yuan et al. [14] improved the model developed by Kato et al. [13] by adding
the eﬀects of surface tension. They stated that the pressure at the inlet of the gap
is approximately equal to the ambient pressure (“pressure existing in the clutch”).
Based on that, they proposed that once aeration started, the drag torque could still be
given by the single-phase model except that the outer radius of the gap is reduced to
the “equivalent radius”, where the oil ﬁlls the gap completely. As the rotation speed
increases, alternate air and oil passages are formed along the azimuthal direction.
These alternating ﬂow patterns can be averaged to an “equivalent radius”, ro , such
that the region below ro is ﬁlled with oil and the region above ro is ﬁlled with air.
Hu et al. [15] used Chang’s model [12] for a laminar ﬂow through the gap and
calculated the radial pressure distribution in the gap and neglected surface tension
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eﬀects in their model. They introduced a model based on “eﬀective oil ﬁlm” to predict
the drag torque. This model deﬁnes the ratio of cross-sectional areas where the air
has penetrated the gap and where no air has penetrated the gap (only oil occupies
the gap).
Yuan et al. [16] showed the model for “eﬀective oil ﬁlm” by Hu et al. [15] failed
to capture the sudden drop in drag torque for single plate clutches. They used Hu
et al.’s [15] radial pressure distribution to calculate the maximum radial velocity in
the gap and thus predict the “equivalent radius” in the gap. With this, they were
able to achieve the sudden drop in drag torque in a single-plate clutch. However, the
prediction of drag torque did not match the experimental data well and they believed
this mismatch was due to not accounting for the surface tension eﬀects in the model.
To summarize, models were developed on the assumption that the pressure at the
inlet of the gap is approximately equal to the ambient pressure (“pressure existing
in the clutch”). Concepts such as “equivalent radius” and “eﬀective oil ﬁlm model”
were developed to predict the drag torque.

2.3

Nature of Flow and Mathematical Model
Kitabayashi et al. [17] developed an analytical equation for predicting the drag

torque for low RPMs. They experimentally studied the eﬀects of the surface area of
the plates in the gap of the clutch, the wave height of the friction plate, number of
grooves and oil ﬂow rates. They showed that decreasing the surface area, increasing
the wave height, increasing the number of grooves and reducing the oil ﬂow rate
reduced the drag torque. They were the ﬁrst to discover the possibility of aeration in
the gap.
Aphale et al. [18–21] developed a mathematical model to predict the pressure
distribution and drag torque for smooth disks, which they later improved to allow
radial grooves in the geometry. They developed a 1-D mathematical model for a twophase ﬂow by modifying the Neumann boundary condition to incorporate the eﬀects
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of surface tension and contact angle which they found are critical for the onset of
aeration. They also performed CFD simulations using ANSYS R Fluent VOF method
and experiments to understand the eﬀects of grooves on the stationary plate and the
eﬀects of surface tension and friction material that result in diﬀerent contact angle
for the oil. They showed that the radial and inclined grooves with inclination in
the direction of rotation, higher surface tension and greater contact angle promoted
aeration and hence reduced the drag torque.
Huang et al. [22] developed an analytical model for laminar ﬂow between rotating disks without surface tension. With this model, they studied the eﬀects of
co-rotational relative speeds of the plates, gap between the plates, and ﬂow rates of
the lubricant on radial and tangential velocities, temperature and pressure distributions. They showed centrifugal forces distort the radial velocity. They showed that
the gauge pressure in the gap could be positive, negative or zero depending on the
oil ﬂow rate, centrifugal and Coriolis forces. They also experimentally validated their
CFD model by comparing temperature and pressure distribution across a range of
rotation speeds.
Li et al. [23] used Hu et al.’s [15] radial pressure distribution to calculate the ﬂow
rate required to ﬁll the gap completely with oil. They used that ﬂow rate to evaluate
the “equivalent radius” as a ratio of the volume of oil due to actual ﬂow rate to the
volume of oil due to the ﬂow rate required to ﬁll the gap completely with oil. They
recognized that drag torque is mainly governed by the portion of the gap which is
completely full with oil.
Iqbal et al. [24–26] studied variable ﬂow rates of oil and higher rotation speeds
(>2,500 rpm) in an engine clutch. They showed that less ﬂow rate, higher oil temperatures, small plate radii and plates rotating in the same direction reduced drag
torque. They used a model that is similar to Huang et al. [22] except that Coriolis
force in the governing equations was deleted based on an order of magnitude analysis.
They provided insight on the onset of air entrainment and proposed a model for the
drag torque that is the sum of the following: (1) drag torque associated with the part
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of the gap where aeration has not penetrated, (2) drag torque due to oil in the parts
of the gap with aeration, and (3) drag torque due to “mist” in the parts of the gap
with aeration.
Cui et al. [27] developed a mathematical model utilizing the concept of “equivalent radius” to study the eﬀect of the ﬂuid temperature and temperature dependent
viscosity on the drag torque and pressure distribution in the clearance gap. They
experimentally showed that the pressure distribution in the gap was governed by
the pressure due to ﬂow rate at low rotation speeds, however it was governed by
centrifugal force at high rotation speeds.
Pahlovy et al. [28–30] developed a mathematical model using Chang’s [12] radial
velocity equation to predict the pressure distribution in the gap. They assumed the
pressure at the inlet of the gap to be approximately equal to the ambient pressure
(“existing pressure in the clutch”) and used ratio of volume of oil same as Li et
al. [23] to predict the “equivalent radius”. They extended their model to radial
groove geometry. They also conducted experiments with diﬀerent ﬂow rates, oil
viscosities and gap between the disks and validated their model with respect to these
experiments.
To summarize, computational studies for categories A and B have been unable to
reliably predict the experimentally measured drag torque as a function of the disk’s
rotational speed and the onset of aeration, and the reasons why are unclear. Though
there are analytical models that are able to predict drag torque and aeration, some
of the assumptions invoked are questionable.
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3. OBJECTIVES
The objective of this research is twofold. First, is to develop a reduced order model
such that no input on pressure drop - either assumed or experimentally measured, is
required in the prediction of onset of aeration and the drag torque curve as a function
of rotational speed of the clutch disk. Second, is to conduct a CFD study to address
the issue why CFD is unable to reliably predict aeration as a function of rotational
speed, ω; oil viscosity, µ; ﬂow rate, Q; and geometry, Rin , Rout , and h.
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4. REDUCED ORDER MODEL FOR PREDICTING
AERATION
4.1

Introduction
Many applications such as hard-disk drives, clutches in automotive transmissions,

and rotor and stator disks in gas turbines, involve ﬂow between parallel, coaxial
disks with one rotating and the other stationary. Therefore, many investigators have
studied the ﬂow between rotating and stationary disks [31–36]. However, most of
the investigators have studied single-phase ﬂow and focused on the instabilities that
could take place. Relatively few investigators have studied multiphase ﬂows between
rotating and stationary disks, which are relevant to automotive clutches. As noted in
Introduction, drag torque reduces eﬃciency and could increase the vehicle’s speciﬁc
fuel consumption by 10% or more. One way to reduce drag torque is to increase the
rotational speed of the clutch disk so that air penetrates the gap between the disks,
a phenomenon referred as “aeration”. Therefore, understanding the onset of aeration
and its evolution is critical for reducing the drag torque.
The pressure gradient induced by the rotating disk in one direction is balanced
by the imposed pressure gradient to force the oil ﬂow through the gap in the other
direction for the rotational speed at which the aeration onsets. Therefore, a number of
investigators [13–17,22–30] focused on predicting the pressure distribution in the gap
by using analytical methods. To predict the drag torque, most of the investigators
modeled the location of the oil-air interface by introducing the concept of “equivalent
radius” with oil below that radius and air above. Only one investigator [18–21]
modeled the precise location of the oil-air interface. Models that did not account
for the precise location of the oil-air interface required an input on the pressure
drop which could be either experimentally measured or assumed. Since it is hard to
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measure this pressure drop, most models assumed the pressure drop across the gap
(pressure drop in the radial direction) to be zero. The one model that accounted for
the precise location of the oil-air interface required an input on the contact angle the
oil makes with respect to the stationary disk [18–21]. Since that information is often
unknown and diﬃcult to measure, assumptions were made while incorporating the
eﬀects of contact angle in the model.
Thus, the objective is to develop a reduced-order model which can predict the
onset of aeration and its evolution as well as the drag torque as a function of the
rotational speed of the rotating disk without requiring the inputs on the pressure
drop across the gap or the contact angle of the oil-air interface with the stationary
disk.

4.2

Problem Description
The disk problem studied as shown in Fig. 4.1 consists of two coaxial, parallel

disks with one rotating (referred to as the friction disk) and the other stationary
(referred as the separator disk) separated by a distance of h. The region of interest
is from the inner radius, Rin , to the outer radius, Rout . Lubricating oil is pumped
through the gap between the disks at a ﬂow rate of Q. The disk problem is studied
for two conﬁgurations which are summarized in Table 4.1.
Conﬁguration 1 with data from [26] is used in the development of the model, and
Conﬁguration 2 with data from [3] is used in the validation of the model developed. It
should be noted that though Fig. 4.1 describes only one rotating and one stationary
disk, the disk problem could involve N such sets of disks packed together and placed
along the same axis of rotation.
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Table 4.1.
Summary of Conﬁgurations Studied
Parameters

Conﬁguration 1

Conﬁguration 2

Rin (mm)

50

47.5

Rout (mm)

70

59.5

h (mm)

0.3

0.2

16

1

0.625 x 10−6

3.33 x 10−6

Oil viscosity, µ (Pa-s)

0.09

0.036

kg
Oil density, ρ ( m
3)

860

870

Rotational Speed Range, ω (rpm)

0 to 2500

0 to 2600

Number of sets of disks, N
Flow rate between two disks, Q (

m3
s

)

Fig. 4.1. Schematic of disk problem studied.
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4.3

Model Development

4.3.1

Preliminaries

In typical operations, the oil ﬂow rate through the gap between the two disks, Q,
is maintained constant. Thus, the mean radial velocity of the oil at radial location r,
Vr , is given by
Vr =

Q
2πrh

(4.1)

To force the oil to ﬂow through the gap from Rin to Rout , a favorable pressure
gradient is imposed across the gap. This imposed favorable pressure gradient increases
as the oil ﬂow rate increases. However, an adverse pressure gradient across the gap
is induced by rotation of the disk, and as the rotational speed increases, the induced
adverse pressure gradient increases. When the rotationally-induced adverse pressure
gradient exceeds the imposed favorable pressure gradient, aeration begins from the
outer radius of the disk, Rout . As shown in Fig. 4.2, once aeration takes place, part of
the gap is ﬁlled with oil (Rin <r<Rcr ) and part of the gap has an oil ﬁlm of thickness
h’=h’ (r) ﬂowing along the rotating disk, and air entering and exiting the gap next
to the stationary disk (Rcr <r<Rout ).
As noted, drag torque can be reduced by promoting aeration. Greater the extent
of aeration, less the drag torque. The extent of aeration can be determined by two
approaches. One approach is to determine how far the air penetrates the gap radially
inwards, Rcr , and other approach is to determine how far the oil reaches radially
outwards and still occupy the entire gap, Rcr . In this study, the model is developed
using the latter approach where the extent of aeration is determined by how far the
oil reaches radially outwards and still occupy the entire gap. This is because, in the
latter approach the ﬂow is single phase in the region of interest (oil only) and an approximate analytical solution can readily be developed, whereas the former approach
requires solution of the complicated two-phase ﬂow (oil and air). While deriving the
approximate analytical solution in the latter approach, certain assumptions are made
which include: (1) axial velocity, Vz is negligible (Vz << Vr << Vθ ), (2) radial velocity
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Fig. 4.2. Oil ﬂow through the gap with aeration.

gradient is much smaller than the azimuthal velocity gradient

∂Vr
∂z

<

∂Vθ
,
∂z

and (3) ﬂow

ﬁeld is azimuthally invariant ( ∂∂θ() = 0). This leads to,
µ∂Vθ
= constant
∂z

(4.2)

With the boundary conditions for the ﬂow between a rotating disk (Vθ = ωr) and a
stationary disk (Vθ = 0) separated by a distance, h,
µωr
µ∂Vθ
≈
∂z
h

(4.3)

Similarly, the shear stress tensor given by,
τrθ = µ(r

∂ Vθ 1 ∂Vr
+
)
∂r r
r ∂θ

(4.4)

∂Vθ 1 ∂Vz
+
)
∂z
r ∂θ

(4.5)

τθz = µ(
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τrz = µ(

∂Vr ∂Vz
+
)
∂z
∂r

(4.6)

∂Vθ
)
∂z

(4.7)

can be reduced to,
τθz = µ(

after applying the assumptions. Thus, using Eq. (4.3) and Eq. (4.7), the shear stress
on the surface of the rotating disk generated when the gap is ﬁlled with oil, can be
approximated by
τθz =

µ∂Vθ
µωr
≈
∂z
h

(4.8)

With Eq. (4.8), the drag torque exerted on the rotating disk under the condition of
no aeration is given by
Z 2π Z Rout
Z
T =
τθz rrdrdθ =
0

Rin

2π

0

Z

Rout
Rin

µωr
πµω 4
4
rrdrdθ =
(Rout − Rin
)
h
2h

(4.9)

When there is aeration, oil ﬁlls the gap up to Rcr so Eq. (4.9) needs to be modiﬁed.
Li et al. [23] proposed that Eq. (4.9) be modiﬁed by replacing Rout by Rs ; that is
T =

πµω 4
4
)
(Rs − Rin
2h

(4.10)

where Rs is the “equivalent radius” of the hypothesized oil ﬁlm proposed by Yuan et
al. [14] To ﬁnd Rs , an analytical solution for steady 2-D axisymmetric incompressible
ﬂow in the gap with a rotating disk was derived by [23]. In that solution, they
needed an input on the pressure drop across the gap, which could be obtained from
experiments.
A method is proposed in this study to obviate the requirement to either measure or
assume the pressure drop across the gap. The key feature of the method is recognizing
that the shear force exerted on the rotating disk is high when oil ﬁlls the gap from
the stationary disk to the rotating disk because the velocity gradient is high. When
aeration occurs in the gap, the shear stress exerted by the oil on the rotating disk
is very small in the part of the gap where oil and air are present. This is because
almost all of the velocity gradient in the axial direction from the rotating disk to
the stationary disk occurs in the aerated part of the gap since the viscosity of air is

18
so much smaller than the viscosity of oil. Thus, the shear stress in the part of the
gap completely ﬁlled with oil is the major source of drag torque. Accordingly, when
aeration occurs, drag torque can be approximated by
T ≈

πµω 4
4
)
(Rcr − Rin
2h

(4.11)

where Rcr is the maximum radial position in which the oil still ﬁlls the gap completely.

4.3.2

Derivation of the Model

The procedure used to derive the model developed has been described in this
section. Rcr can be readily calculated using Eq. (4.11) if drag torque as a function
of Rin , ω, µ, and h is known. This Rcr cannot be lower than Rin , thus, if Rcr < Rin ,
then Rcr = Rin . Also, this Rcr cannot be higher than Rout , thus, if Rcr > Rout then
Rcr = Rout . Since drag torque is unknown and is the quantity of interest that needs
to be predicted, a procedure needs to be developed to calculate Rcr . The ﬁrst step of
this procedure is to deﬁne a parameter, C, as a ratio of the mean radial velocity of
the oil at Rcr , Vcr , to the mean radial velocity at the inner radius Rin , Vin .
C=

Vcr
Vin

(4.12)

Vcr and Vin can be obtained from Eq. (4.1) by using the corresponding radial location.
Thus, C is given by
Q
2πRcr h
Q
2πRin h

Vcr
C=
=
Vin

=

Rin
Rcr

(4.13)

which is a function of Rcr and thus, a measure of the extent of aeration. Figure 4.3
describes the variation of C with rotational Reynolds number, Reω , for Conﬁguration
1 [26]. The rotational Reynolds number, Reω , is given by
ρωRm h
µ

(4.14)

Rin + Rcr
2

(4.15)

Reω =
where
Rm =
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Since Rcr is not known, an approximation is made to calculate Rm and is given by
Rm =

Rin + Rout
Rin + Rcr
≈
2
2

(4.16)

This approximation in Eq. (4.16) yields 0% error in the prediction of the rotational
speed at which aeration onsets. However, the error increases steadily as aeration grows
in the gap. Maximum error is observed when maximum extent of aeration is reached
and Rcr is close to Rin . Since predicting the rotational speed at which aeration begins
is the most important information needed by the industry, this approximation was
used.

Fig. 4.3. Regimes expressed by C1 ,C2 and C3 plotted for Conﬁguration 1 [26].

From Fig. 4.3, three observations can be made. First, it can be seen that C has
three regimes - (1) C is a constant (C1 ); (2) C is a variable (C2 ); and (3) C is again a
constant (C3 ). Second, C1 intersects C2 at a rotational Reynolds numbers, Reω = S1
which corresponds to rotational speed, ωcr1 . Third, C2 intersects C3 at a rotational
Reynolds numbers, Reω = S2 which corresponds to rotational speed, ωcr2 .
The nature of these three regimes (shown in Fig. 4.3) is described as follows. In
the ﬁrst regime, oil ﬁlls the gap from Rin to Rout and no aeration occurs. This is
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because at low rotational speeds, the favorable pressure gradient imposed by the oil
ﬂow is much stronger than the adverse pressure gradient induced by rotation. Thus
by using Eq. (4.13), the ﬁrst regime, C1 , can be expressed as the ratio of the inner
radius to the outer radius of the gap; that is
C1 =

Rin
Rout

(4.17)

In the second regime, aeration starts and continues to grow until its maximum extent is reached. In this regime, the adverse pressure gradient induced by rotation
is stronger than the favorable pressure gradient imposed by the oil ﬂow. As the rotational speed increases, the extent of air penetration into the gap increases. Since
the extent of aeration is a function of the favorable pressure gradient imposed by
the radially outward ﬂow and the adverse pressure gradient induced by rotation, the
second regime, C2 must model both of these physics. Thus, C2 must be a function
of the geometry, Rin , Rout , Rm , the Reynolds number for the radially outward ﬂow,
Reh , and the rotational Reynolds number, Reω . Thus, C2 can be expressed as
C2 = β

Rout γ1 Rout γ2 γ3 γ4
Reh Reω
Rin Rm

(4.18)

where β, γ1 , γ2 , γ3 , and γ4 are constants that can be determined by using the available
experimental data from the literature. For Conﬁguration 1 [26], these constants were
found to be β =

0.6935
,
π

γ1 = 1, γ2 = 1, γ3 = 0, and γ4 = 0.2875. Thus, for Conﬁguration

1, C2 is given by
C2 =

0.6935 Rout Rout 0.2875
Reω
π Rin Rm

(4.19)

The question now is what are the values of β, γ1 , γ2 , γ3 , and γ4 in Eq. (4.18) when
µ, Q, h, and Rout change? When design and operating conditions change, it should
be noted that the functional shape of C2 does not change and behaves as shown in
Fig. 4.4. This indicates β, γ1 , γ2 , γ3 , and γ4 can be assumed to be unchanged.
However, it should be noted that the values found for β, γ1 , γ2 , γ3 , and γ4 in Eq.
(4.19) can only capture the eﬀect of geometry (h, Rout , Rm ), oil properties (µ and
ρ), and rotational speed (ω). Since Reynolds number based on radially outward ﬂow
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Fig. 4.4. Behavior of C vs. Reω .

of oil, Reh , vanishes from the C2 equation (Eq. 4.19) due to exponent γ3 = 0, the
equation for C2 cannot capture the eﬀect of oil ﬂow rate, Q. Therefore, the data from
Conﬁguration 1 was reanalyzed and a second equation for C2 was discovered which
can capture the eﬀect of oil ﬂow rate, geometry, oil properties, and rotational speed
and is given by,
C2 = 0.29Re−0.055
Re0.2875
ω
h

(4.20)

where, β = 0.29, γ1 = 0, γ2 = 0, γ3 = -0.055, and γ4 = 0.2875. The comparison
of the two equations for C2 given by Eq. (4.19) and Eq. (4.20) is shown by plotting
the eﬀect of oil ﬂow rate, geometry, oil properties, and rotational speed (Fig. 4.5 and
Fig. 4.6). Note in Fig. 4.5 and Fig. 4.6, the notation ‘old’ represents C2 given by Eq.
(4.19) and ‘new’ represents C2 given by Eq. (4.20). It can be clearly seen that Eq.
(4.20) poses two added advantages over Eq. (4.19). First, Eq. (4.20) can capture the
eﬀect of oil ﬂow rate, Q, (shown in Fig. 4.5(a)) which Eq. (4.19) cannot; and second,
Eq. (4.20) provides a general relationship between Reω and Reh given by Eq. (4.21)
to predict the rotational speed for the onset of aeration, ωcr1 , by recognizing that at
the onset of aeration C2 = C1 and is given by Eq. (4.22).
Reω0.2875 =
ωcr1 =

1 Rin
Re0.055
0.29 Rout h

1
µ
1 Rin
(
Re0.055
) 0.2875
h
ρRm h 0.29 Rout

(4.21)
(4.22)
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Fig. 4.5. (a) Eﬀect of Q variation on C2 . (b) Eﬀect of h variation on C2 .

Fig. 4.6. (a) Eﬀect of µ variation on C2 . (b) Eﬀect of Rout and Rm variation on C2 .

Figure 4.5 (b) shows no diﬀerence in predicting C2 as a function of gap, h and
Fig. 4.6(a) shows a very small diﬀerence (< 4%) in the predicting C2 as a function
of oil viscosity, µ. However, a noticeable diﬀerence is observed in C2 prediction as a
function of Rout and Rm (Fig. 4.6(b)). This is because the old equation for C2 given
by Eq. (4.19) had the two non-dimensional terms for geometry calculated based on
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Rout in addition to Rotational Reynolds Number, Reω , while the new equation for
C2 given by Eq. (4.20) has the geometric eﬀect incorporated in terms of Reynolds
Number for radially outward ﬂow, Reh and Rotational Reynolds Number, Reω only.
In the third regime, aeration reaches its maximum extent. In this regime, the
extent of aeration becomes independent of the rotational speed. Thus, C3 must be a
function of oil ﬂow rate, Q; clutch geometry, h and Rm ; and the oil viscosity, µ; and
thereby, can be expressed as,
C3 = η(

ρV ∗ Rm γ5 µh γ6
) ( )
µ
ρQ

(4.23)

where, η, γ5 , and γ6 , are constants and values of these constants for Conﬁguration 1
are found to be η = 0.264, γ5 = 0.225, γ6 = 0.05. V ∗ is a reference ﬂow velocity and
it’s value is taken to be 1 m/s. Thus, C3 can be given as,
C3 = 0.264(

ρV ∗ Rm 0.225 µh 0.05
)
( )
µ
ρQ

(4.24)

By recognizing, that when aeration is maxed out,
C3 = C 2

(4.25)

the corresponding rotational speed, ω = ωcr2 can be calculated. Figures 4.7 and 4.8
demonstrate the behavior of C3 when oil ﬂow rate, Q; clutch geometry, h and Rm ;
and the oil viscosity µ changes.
Note that the demonstration of how the three regimes expressed by C behave
as a function of µ, Q, h, and Rm (Fig. 4.5 - Fig. 4.8) is solely for the purpose of
examining the capabilities of the model developed. An extended range of rotational
speeds are considered for this demonstration to show where the regimes intersect each
other and thereby, how the critical rotational speeds change when oil ﬂow rate, Q;
clutch geometry, h and Rm ; and the oil viscosity, µ change.
Thus, the drag torque as a function of the rotational speed can be represented as
shown in Fig. 4.9. The reduced-order model developed to predict the rotational speed
at which aeration starts, the extent of aeration as the rotational speed increases, and
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Fig. 4.7. (a) Eﬀect of Q variation on C2 and C3 . (b) Eﬀect of h
variation on C2 and C3 .

Fig. 4.8. (a) Eﬀect of µ variation on C2 and C3 . (b) Eﬀect of Rout
and Rm variation on C2 and C3 .

the drag torque as a function of rotational speed is embodied in Eqs. (4.11), (4.17),
(4.18), (4.20), (4.23) and (4.24). Equations (4.17), (4.20), and (4.24) provide the
values of the C parameter in the three regimes. Equations (4.22) and (4.25) provide
the rotational speed at which aeration starts and when aeration reaches its maximum
extent respectively, and Eq. (4.11) gives the drag torque at any rotational speed. Note
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Fig. 4.9. Representation of drag torque curve based on the reduced-order model.

that the experimental data used to construct and assess the reduced-order model all
have h < 0.4 mm.

4.4

Performance and Validation of the Model
Experimental data from Conﬁguration 2 [3] has been used to evaluate the perfor-

mance of the reduced-order model developed. The drag torque prediction from the
model developed is also compared to those from previous analytical models for both
Conﬁgurations 1 and 2. Table 4.2 describes the comparison between the prediction of
critical speeds by the model developed and those measured by the experimental data.
It can be seen that ωcr1 can be predicted with relative errors less than 5.0%, and ωcr2
can be predicted with relative errors within 5.3% of the experimental data. Table 4.2
also states the error in drag torque prediction by the model developed. Two types
of errors - one is the maximum error, and other is the average error in the predicted
drag torque are calculated. Both the maximum and the average error are weighted
by the drag torque because the relative error is high when the drag torque is low. It
can be seen from Table 4.2 that both the maximum weighted error and the average
weighted error fall below 1%.
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Fig. 4.10. Predicted and measured data for Conﬁguration 2: (a) C1 ,
C2 and C3 (b) Drag torque.

Figure 4.10 illustrates the validation of the model developed when applied to
Conﬁguration 2. It is observed that the maximum relative error in predicting C1 , C2 ,
and C3 is 5.11%, 1.79%, and 0.83%, respectively. Figure 4.11 shows the comparison
of drag torque prediction between the model developed and the existing models for
both Conﬁgurations 1 and 2. It can be seen that the model developed performs
better than the existing models and compares well with experimental data for both
Conﬁgurations 1 and 2. It should be noted that though Conﬁgurations 1 and 2 are
considerably diﬀerent from each other, the model developed demonstrates generality.

4.5

Conclusions
A reduced-order model was developed to predict the onset of aeration and the

drag torque as a function of disk’s rotational speed. The model developed identiﬁed
three regimes ﬁrst, no aeration; second, aeration starts and grows until it reaches its
maximum extent; and third, maximum extent of aeration is sustained. The model
developed compared well with the experimental data and performed better than the
existing models. Also, it should be noted that the model developed oﬀers two advan-
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Table 4.2.
Comparison of model and experiments
Conﬁguration 1

Conﬁguration 2

Quantities / Parameters
Model

Experiment [26]

Model

Experiment [3]

ωcr1 (rpm)

598

625

973

1000

ωcr2 (rpm)

1607.5

1625 - 1750

1989.5

2000 - 2200

Max. wt. error - DT (%)

0.05

–

0.0925

–

Avg. wt. error - DT (%)

0.017

–

0.05

–

Avg. unwt. error - DT (%)

7.47

–

14.86

–

Fig. 4.11. Predicted and measured drag torque: (a) Conﬁguration 1
(b) Conﬁguration 2.

tages over existing models. First, the model developed does not require any experimentally measured or assumed input on the pressure diﬀerence across the gap in the
radial direction. Second, the model is expressed in explicit form so that root ﬁnding
routines are not needed to determine the rotational speed at which aeration starts or
the drag torque as a function of design and operating parameters.
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5. CFD METHODOLOGY FOR PREDICTING
AERATION
5.1

Introduction
Figure 5.1 describes an actual clutch pack. In an actual clutch pack, rotating

disks (R) and stationary disks (S) are placed alternatively about a common axis and
enclosed in a stationary drum. Rotating disks are attached to the hub and stationary
disks are attached to the drum. Holes are present on the hub through which the
lubricating oil is pumped into the gap between the disks.

Fig. 5.1. Schematic of an Actual Clutch Pack.

5.2

Problem Description
For modeling purposes, an actual clutch pack is simpliﬁed to a single pair of disks

one rotating and one stationary (Fig. 5.2). Thus, the CFD domain is bounded by a
rotating wall, a stationary wall, an inlet, and an outlet. The outer radius of the disks
is Rout = 70 mm and the inner radius of the disks is Rin = 50 mm. The disks are
separated by a distance h = 0.3 mm. The rotating wall is prescribed rotation speeds
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ranging from 125 rpm to 1500 rpm. Both the rotating wall and the stationary wall
are no slip walls. The inlet is modeled as oil mass ﬂow inlet with a mass ﬂow rate of
0.0005375 kg/s and Tinlet = 313.15K. The outlet is modeled as pressure outlet with P
= 1 atm. A condition is imposed on the outlet such that if the ﬂow reverses only air
can enter the gap. The backﬂow temperature of air is 298.15K. The initial condition
imposed is that the entire gap is ﬁlled with oil.

Fig. 5.2. Simpliﬁed Geometry of Clutch Disks.

5.3

Assumptions
Assumptions made in the problem formulation are listed below:
• Constant air properties at 298.15 K
Note the ﬂuid that gets entrained in the experimental study once aeration starts
is a “mist”. Though the viscosity of that “mist” is an order of magnitude higher
than that of air at 298.15 K, it is still orders of magnitude smaller than the
viscosity of oil which governs the drag torque.
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• Constant oil properties at 313.15 K with density of 860 kg/m3 and viscosity of
0.09 Pa-s
• Neglect eﬀects of gravity (ρg << ρrω 2 )
• Smooth surfaces (no surface roughness / no waviness)
• Adiabatic walls
• Neglect viscous heat dissipation

Fig. 5.3. Calculation for Viscous Heat Dissipation.

From Fig. 5.3, the ΔT for the rotational speed at the onset of aeration (in this
study), 625 RPM is 33 K. Viscous heat dissipation steadily increases with ω until
aeration starts. Afterwards, it continues to rise a little more and then reduces
because the aerated portion of the gap produces negligible viscous heating.
• Laminar Flow Re =

ρωRout 2
µ

= 0.7355 ∗ 104

ω = ωmax = 1500RP M
G=

h
Rout

= 0.0043

Referring to the ﬂow regime chart from [37], the above calculation for the conﬁguration studied falls in Regime I. Therefore, the ﬂow is assumed to be laminar.
• Constant surface tension is assumed as 0.03 N/m (this value is commonly used
in the literature [1, 14, 19, 28]) and the value for contact angle w.r.t. stationary
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disk is 10.5◦ (steel) and rotating disk is 4.3◦ (paper based friction material) and
these values for contact angles are taken from [6]. Surface Tension eﬀects in the
radial direction can be evaluated by
Reh =

ρVr h
µ

= 0.019 << 1

µVr
= 0.02 << 1
σ
2
W eh = ρVσr h = 0.019 <<

Cah =

1

Since Reh < 1 and Cah << 1, surface tension is important in radial direction.
However, for the circumferential direction,
Reω =
W eω =

ρωrh
µ

>1

ρω 2 r2 h
σ

> O(101 ).

Therefore, surface tension is assumed negligible in the circumferential direction.

5.4

Problem Formulation
2D axisymmetry with swirl, steady and unsteady continuity, momentum (incom-

pressible and compressible N-S for air, incompressible N-S for oil), and energy equations with distinct oil-air interface are solved in this computational study.

5.5

Numerical Method, Code, and Convergence Criteria
In this study pressure based solver, SIMPLE, 2nd -order upwind scheme for mo-

mentum and energy, PRESTO scheme for pressure and implicit VOF compressive
scheme for oil-air interface is used.
Though only the steady state is of interest, once aeration starts unsteady simulation with the smaller time-step size was needed to achieve steady-state solution. Since
time-accurate solution was not sought, 1st-order implicit was used with

Vr Δt
Δr

< 1 and

20 iterations per time step.
ANSYS R Fluent version 17.2 is used to obtain solution to the governing equations.
The convergence criteria used is as follows:
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• Residuals for simulations that do not involve aeration satisfy: continuity <
10−10 , z-velocity < 10−13 , r-velocity < 10−5 , swirl < 10−16 , vf-oil < 10−18 and
simulations are ran till the residuals and the drag torque on the stationary disk
have plateaued.
• Residuals for simulations that involve aeration satisfy:

moil,outlet −moil,inlet
moil,inlet

< 4%,

z-velocity < 10−3 , r-velocity < 10−3 , swirl < 10−6 , Energy < 10−6 , vf-oil < 10−3
and simulations are ran till the residuals and the drag torque on the stationary
disk have plateaued. When there is aeration, there are some oscillations about
these values.

5.6

Grid Sensitivity
Grid sensitivity study is carried out to check the quality of the grids and obtain grid

independent solutions. It is important to verify that the PDEs are solved correctly as
accuracy of their solutions depends on the quality of the grid. Grid quality determines
the grid induced errors and their eﬀect on the resolution of the ﬂow physics. In this
study, three grids are tested. All grids are structured and their aspect ratio given by
Δr
Δz

≈ 1.

Fig. 5.4. Details of Grid.
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Fig. 5.5. Grid Comparison - Oil Volume Fraction plotted at value of 0.5.

The details of the grids used are shown in Fig. 5.4. Coarse Mesh has a total
of 60,000 nodes with 30 nodes in the axial direction and 2000 nodes in the radial
direction. Medium Mesh has a total of 106,400 nodes with 40 nodes in the axial
direction and 2660 nodes in the radial direction. Fine Mesh has a total of 166,500
nodes with 50 nodes in the axial direction and 3330 nodes in the radial direction.
The comparison of the grid resolution is illustrated in Fig. 5.5 where the oil-air
interface is plotted. The oil-air interface is plotted at a oil volume fraction value of
0.5 and the value of R in the normalized Y-axis is 51 mm. This CFD simulation is
ran at 1000 RPM with a contact angle of 150◦ of oil with the stationary disk, keeping
the remaining boundary condition details same as stated previously. From Fig. 5.5 it
is seen that the relative error in the resolution of the oil-air interface reduces as the
mesh becomes ﬁner. Thus, medium mesh is used for conducting CFD simulations in
this study.
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5.7

Results
This section describes the results in two steps. First, the formulation of air and

formulation for the resolution of air-oil physics (steady-state or transient formulation) is tested and second, using the formulation from the ﬁrst step, drag torque is
calculated as a function of rotational speed of the clutch disk.
At low rotational speeds (Fig. 5.6), it is observed that the gap between the clutch
disks is completely ﬁlled with oil. Therefore, oil can be modeled as incompressible
and steady-state simulations can be conducted.
At rotational speeds after the onset of aeration (Fig. 5.6), it is observed that air
starts to enter the gap between the clutch disks. Regions of air trapped in the oil get
translated, deformed, and compressed. Oil droplets get trapped in those regions of
air. This transient air-oil physics can be resolved by an unsteady formulation with
air modeled as compressible and oil as incompressible. To allow the transient air-oil
physics to stabilize, the under-relaxation factor for the energy equation is kept as 0.9.

Fig. 5.6. Schematic for choice of formulation.
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Its should also be noted that the eﬀect of initial condition is tested for the rotational speeds after the onset of aeration. The initial condition is found to have no
eﬀect in predicting aeration.
Using steady state formulation with oil modeled as incompressible, simulations at
low rotational speeds are performed and using unsteady formulation with air modeled
as compressible and oil as incompressible, simulations at rotational speeds after onset
of aeration are performed. For this computational study, the drag torque is calculated
by integrating the wall shear stress in the circumferential direction over the surface
area of the stationary disk. The mathematical expression used in the drag torque
calculation is given by
2π

Z

Z

Rout

T =

τθz rrdrdθ
0

(5.1)

Rin

The experimental data on drag torque is taken from Iqbal et al. [26] for the aforementioned geometry and operating conditions. The experimental drag torque is measured
by a torque sensor. The details on how the torque sensor operates are elaborated
in [26].

Fig. 5.7. Comparison of Drag Torque - Experiments and CFD.
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Figure 5.7 shows the comparison between the drag torque computed from the CFD
simulations and the drag torque measured from the experiments. It is seen that CFD
is not able to capture the rotational speed for the onset of aeration and the drop in
drag torque. Also, when CFD does predict aeration, drag torque continues to increase
with rpm and simulation shows a lot of unsteadiness. A number of investigators have
reported an issue of CFD unable to predict aeration and a brief summary of their
work is given below.

5.7.1

Previous Work Showing Mismatch in CFD

Yuan et al. [1] performed CFD simulations using VOF method in ANSYS R Fluent.
To match the experiments, they adjusted the surface tension coeﬃcient, σ, to 12σ and
oil viscosity, µ to 4µ. Jammulamadaka et al. [5] performed CFD simulations using
VOF method in ANSYS R Fluent. To match the experiments, they adjusted viscous
heat dissipation by imposing an average heat transfer coeﬃcient for the stationary
disk. Takagi et al. [3] conducted CFD study using two-ﬂuid model in OpenFOAM R .
They were able to capture the onset of aeration reasonably well but not its evolution.
Mahmud et al. [9, 10] used StarCCM+ R to study grooved and smooth geometries.
They used steady-state formulation, neglected surface tension eﬀects and were not
able to capture the onset of aeration and its evolution. Performing unsteady simulations [11], though they were able to capture the onset of aeration and drop in
drag torque, the drag torque values during the drop were under predicted. Wang et
al. [8] used VOF method in ANSYS R Fluent to study smooth and grooved geometries.
They investigated the numerical settings, however, were unable to capture the onset
of aeration and its evolution. Wu et al. [7] used VOF method in ANSYS R Fluent
for smooth and grooved geometries. They also used RNG k-e turbulence model and
matched well with the experiments. However, it is important to note that the ﬂow in
the gap between the clutch disks is laminar.
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To summarize, the previous work showed that CFD is unable to reliably predict
either the onset of aeration or the drop in drag torque or both. Various parameters
in the CFD formulation have been adjusted to address the mismatch in CFD and
experiments. The CFD studies which were able to match the experiments or predict
the onset of aeration and drop in drag torque either made a questionable assumption
or under predicted the drag torque values. Thus, no clear explanation is oﬀered to
resolve this issue.

5.7.2

A Possible Reason for Mismatch in CFD

Computational studies by Aphale et al. [19], and experimental studies by Hu et
al. [6] have reported that higher contact angle of oil-air interface with the stationary
disk promoted aeration. However, these studies assumed a single value of contact
angle of oil with the stationary disk for the entire range of rotational speeds.
Our CFD study showed that the contact angle which the oil-air interface makes
with the stationary disk has a strong inﬂuence on the onset of aeration. Once aeration
starts, air always enters the gap from the stationary side. The oil always covers the
entire rotating disk even when there is aeration so that there is no contact angle. The
study conﬁrmed that contact angle changes the rotational speed at which aeration
starts and ﬁnally, the study also showed the contact angle is dynamic and is a function
of the rotational speed. This observation led to the development of a “Dynamic
Contact Angle Model”. The physics behind this Dynamic Contact Angle Model is
explained in the following section.

5.7.3

Dynamic Contact Angle Model

From our CFD study, as stated earlier, contact angle of oil-air interface with the
stationary disk changes as the rotational speed of the disk changes.
Flow in the gap between the clutch disks as the rotational speed changes is illustrated in Fig. 5.8. The three cases in Fig. 5.8 represent three ﬂow regimes explained
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in the section for reduced order model. Low rotational speeds represent the case
when the gap is completely with oil. Intermediate rotational speeds represent the
case when aeration begins and continues to grow till it reaches the maximum extent.
High rotational speeds represent the cases when aeration has attained its maximum
extent. It should be noted that the proposed dynamic contact angle model is applied
to intermediate rotational speeds only.
In case of intermediate rotational speeds, to understand how the pressure drop
in the gap between the clutch disks changes as the rotational speed increases, an
analytical solution for pressure distribution in a single phase ﬂow from Iqbal et al. [24]
is considered.
ΔP = p1 − p2 =

0.3ρ(r12 − r22 )ω 2
−6µQ
r1
ln(
)
+
r2
2
πh3

(5.2)

From Eq. (5.2) and Fig. 5.8 it can be concluded that pressure drop in the single
phase region (oil only) changes as the rotational speed of the disk changes. When
the rotational speed exceeds a critical value aeration begins and the pressure in the
region where both air and oil are present reaches an atmospheric value. Thus, to
achieve a certain extent of aeration for a given rotational speed, the corresponding
pressure drop must be present in the single phase (oil only) region of the gap.
Therefore, the discrepancy in predicting aeration by CFD indicates the discrepancy in predicting the pressure drop in the gap. Figure 5.9 illustrates the discrepancy
in extent of aeration in the gap between the clutch disks predicted by CFD and that
measured from the experiments. As observed this discrepancy in extent of aeration
increases as the rotational speed increases.
According to Young-Laplace’s equation, the pressure drop across the gas-liquid
interface between two stationary solid surfaces is given by,
ΔP =

σ
Rcurv

(5.3)

where σ is the surface tension coeﬃcient of the liquid and Rcurv is the radius of
curvature.
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Fig. 5.8. Flow in the gap between the clutch disks at low, intermediate
and high rotational speeds.

The pressure drop due to surface tension given by Eq. (5.3) can be modiﬁed by
two methods, ﬁrst is to modify the surface tension coeﬃcient of the oil, σ, and second
is to modify the radius of curvature, Rcurv . However, in the ﬁrst method, changing
the surface tension coeﬃcient of oil implies changing the oil property which is not
justiﬁable. Therefore, the second method of modifying the radius of curvature should
be used. Modifying the radius of curvature implies modifying the contact angle that
oil makes with the stationary disk. Modifying the contact angle implies accounting
for the dynamic nature of the contact angle [38–46].
Thus, to address the mismatch in CFD and experiments, the increasing discrepancy in predicting extent of aeration can be reduced by reducing the radius of curvature. And the radius of curvature can be reduced by reducing the contact angle that
the oil makes with the stationary disk as illustrated in Fig. 5.10.
Thus, the proposed dynamic contact angle model states that in case of intermediate rotational speeds, as the rotational speed increases, the contact angle that the
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Fig. 5.9. Schematic of discrepancy in the extent of aeration computed
by CFD and measured from the experiments.

Fig. 5.10. Relation between the pressure drop and contact angle.
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oil makes with the stationary disk should reduce and the shape of the oil-air interface
should change from oleophobic (oil has less aﬃnity to the surface) to oleophilic (oil
has more aﬃnity to the surface).
It should be noted that others have investigated the dynamics of the contact
angle, albeit not in connection with drag torque and aeration in clutches [38–46].
These studies have found that the contact angle is a function of Capillary number
and interfacial velocity.
The Capillary Number in our study is Ca =

µVr
,
σ

where Vr is a function of ﬂow rate

of oil, Q, and rotational speed of the disk, ω. Since the oil ﬂow rate, Q, is kept constant
for the range of rotational speeds, Ca = f (ω). Thus, in this study, the Capillary
Number increases as the rotational speed of the disk, ω, increases. Therefore, the
Dynamic Contact Angle Model developed in this study can be restated as follows:
the contact angle of the oil with the stationary disk reduces as the Capillary Number
increases.

5.7.4

Validation of CFD

Using the proposed dynamic contact angle model, CFD simulations are conducted
for three rotational speeds - 1000 RPM, 1375 RPM and 1500 RPM. The values for
contact angle for each of the rotational speeds were found such that the drag torque
predicted by using these contact angles best ﬁt the experimental data taken from [26].
The contact angle values are: 115◦ for 1000 RPM, 90◦ for 1375 RPM and 82◦ for 1500
RPM. From these values of contact angle,the surface tension model developed in this
study can be described by,
θ
= 1.251647e−0.0372628Reω
π

(5.4)

where, θ is given in radians and is valid from the rotational speed at which aeration
onsets to the rotational speed where maximum extent of aeration is reached. The
values obtained from this model are rounded up to get the closest integer value of
contact angle. Eq. (5.4) only shows the connection between the contact angle and
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the rotational speed via rotational Reynolds number. The model can be improved
with additional experimental data to account for the eﬀect of oil properties, oil ﬂow
rate, clutch geometry, and diﬀerent oils with diﬀerent surface tension coeﬃcients. The
initial condition used for these rotational speeds is that the gap is completely ﬁlled
with stagnant oil at a temperature of 313.15 K. Figure 5.11 shows the comparison of
drag torque calculated from CFD using proposed dynamic contact angle model and
drag torque measured from experiments. The maximum relative error between the
drag torque calculated from CFD using proposed dynamic contact angle model and
experiments is < 20%.

Fig. 5.11. Validation of CFD to the experiments.

5.7.5

Discussion of Results

Figure 5.12 shows the pressure gradients,

dp
dz

and

dp
.
dr

The pressure gradients (cal-

culated by ANSYS R CFX) are plotted for the part of the oil-air interface where
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there is signiﬁcant curvature of the interface. Also, it should be noted that the
curve length, s, against which the pressure gradients are plotted, is calculated by,
np
P
s=
(h − zi )2 + (Rcr − ri )2 , where h = 0.3 mm, Rcr is the radial extent of aeri=1

ation for the given rotational speed, and n is the number of points along the oil-air
interface. Thus, the value of s = 0 is at the location of h = 0.3 mm where the contact
angle is imposed with respect to the stationary disk. Thus, the the pressure gradients,
dp
dz

and

dp
dr

close to s = 0 should be particularly of interest. It is observed that the

pressure gradients close to s = 0 increase as the contact angle of the oil with the
stationary disk reduces.
Figures 5.13 to 5.15 show the details of ﬂow physics, radial velocity, swirl velocity,
and pressure distribution in the gap between the clutch disks. From Fig. 5.13 two
observations can be made - ﬁrst, as the rotational speed increases, the penetration of
air into the gap increases; and second, the recirculating ﬂow in the region where air
is present breaks into smaller recirculating ﬂows due to inertial instability. Basically,
radial inward ﬂow bring ﬂow with higher vorticity to regions with lower vorticity [47].
From Fig. 5.14, it is seen that as the rotational speed increases, the magnitude of the
radial velocity of the air penetrating the gap increases. Also, the gradient of swirl
velocity exits in the region where only air is present and the thickness of oil ﬁlm next
to the rotating disk reduces as the rotational speed increases. Figure 5.15 shows that
there is no pressure variation in the region where both oil and air are present and
this pressure has an atmospheric value.
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Fig. 5.12. Pressure gradients across the interface.

Fig. 5.13. Flow Patterns and Oil Volume Fraction at Diﬀerent RPMs.
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Fig. 5.14. Comparison of Radial Velocity and Swirl Velocity at Diﬀerent RPMs.

Fig. 5.15. Comparison of Pressure Distribution at Diﬀerent RPMs.

46

6. SUMMARY
Drag torque reduces the eﬃciency of automatic transmissions, and aeration is one
way to reduce drag torque. In this study, a reduced-order model was developed to
predict the rotational speed at which aeration begins and drag torque as a function of
engine design and operating parameters. The model developed oﬀers two advantages
over existing models. First, the model developed does not require any experimentally
measured or assumed input on the pressure diﬀerence across the gap in the radial
direction. Second, the model is expressed in explicit form so that root ﬁnding routines
are not needed to determine the rotational speed at which aeration starts or the drag
torque as a function of design and operating parameters. The model can predict the
rotational speed at which aeration onsets within 5% relative error and weighted drag
torque within 1% relative error.
In this study, CFD analyses were also performed to address why CFD is unable
to reliably predict aeration and drag torque as a function of rotational speed, ω, oil
viscosity, µ, ﬂow rate, Q, and geometry, Rin , Rout , and h. These analyses showed
three key results. First, though the ﬁnal steady-state solution has the “aerated” gas
ﬂow appearing as essentially incompressible, the simulation process must treat the gas
phase as compressible. This is because as the air get trapped in the oil as bubbles when
aeration begins, these bubbles get translated, deformed, and compressed. Second,
though the interest is in the steady-state solution, the easiest way to get the desired
steady-state solution is to approach it from a physically realizable transient process.
When doing so, it is unnecessary for the simulation to be time-accurate since only
the ﬁnal steady-state solution is of interest. Third, it was found that the contact
angle is critical and its change must be accounted for as the rotational speed, ω,
changes. In this study, a model was developed to account for this observation on
contact angle. With this model, CFD is able to reliably predict aeration and drag
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torque as a function of rotational speed, ω, oil viscosity, µ, ﬂow rate, Q, and geometry,
Rin , Rout , and h, with a relative error of < 20%.
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